Objective: Leptin is known to play an important role in pubertal development in humans, probably acting as one permissive factor for the onset of puberty. Leptin serum concentrations change during pubertal development and an initial increase before the onset of puberty has been reported. The underlying mechanism for this increase in leptin levels is unknown. We hypothesized that the pulsatile release of GnRH stimulates leptin metabolism. In this study, the effect of short-term pulsatile GnRH administration on leptin levels in children with delayed onset of puberty was investigated. Methods: Nineteen children (15 males and four females, mean age 15.5 years, range 13.1 -20.5 years), who underwent evaluation for delayed sexual maturation, were included in the study. Sixteen subjects received 36 h of pulsatile intravenous GnRH, using an infusion pump that released 5 mg GnRH every 90 min. Serum concentrations of LH, FSH, testosterone, estradiol and leptin were analysed before and up to 36 h after GnRH administration. Eight patients received a single dose GnRH-agonist stimulation test (buserelin acetate test, 10 mg/kg body weight) with a 24-h followup (five patients underwent both tests). Results: Mean (^S.E.M.) serum leptin increased significantly (P, 0.01) after 36 h of pulsatile GnRH administration (7.26^1.35 vs 9.75^1.76 ng/ml). In contrast, no increase in leptin concentrations was observed after administration of a single dose of buserelin. Conclusions: These findings suggested that the increase in serum leptin at the onset of puberty is triggered by the pulsatile release of GnRH.
Introduction
Leptin, the product of the ob gene (1) , is mainly produced by adipose tissue. Serum leptin concentrations are therefore positively correlated with the amount of body fat and body mass index (BMI). The hormone is thought to signal nutritional status to the hypothalamus and pituitary, resulting in suppression of appetite and stimulation of energy expenditure at the hypothalamic level (2 -4) . Furthermore, leptin plays an important role in pubertal development. Subjects with mutations in the leptin or leptin receptor gene are infertile due to hypogonadotropic hypogonadism and develop severe obesity early in life (5 -7) . Treatment with recombinant leptin resulted in weight loss and a pubertal pattern of luteinizing hormone (LH) release in a 12-year-old girl with congenital leptin deficiency (8) . It has been shown that a critical amount of leptin or leptin signaling is required for the onset of pubertal development. Furthermore, a decline in leptin levels below a critical concentration, e.g. in patients with anorexia nervosa, results in a condition resembling 'reversed puberty' with hypogonadotropic hypogonadism (9) . Up to now leptin has been thought to act as a permissive factor for the onset or progression of puberty rather than initiating puberty itself (10) .
Many investigators have found an influence of gender and pubertal stage on circulating leptin concentrations in humans (11 -15) . While leptin concentrations do not differ in prepubertal boys and girls, a sexual dimorphism develops with pubertal progression. In female puberty, leptin concentrations steadily increase whereas in male puberty leptin concentrations only increase until approximately the age of 10 years, and than decrease with increasing testosterone levels (16) . This is explained by an inhibitory effect of testosterone on leptin (17) . Interestingly, it has been shown that leptin levels peak before the onset of puberty in both sexes, suggesting a specific role for leptin at this point of puberty (12, 14) . It remains unclear why leptin concentrations increase directly before the onset of puberty and whether this increase is essential for pubertal development.
We hypothesized that the observed peak in serum leptin concentrations is mediated by changes in other hormones involved in pubertal development. As in normal human puberty an increase in the amplitude of pulsatile gonadotropin secretion during sleep (18) marks the hormonal onset of puberty, we investigated the effect of pulsatile gonadotropin-releasing hormone (GnRH) administration on leptin profiles in children and adolescents with constitutional delay of puberty (CD) or hypogonadotropic hypogonadism (HH).
Subjects and methods

Subjects
A total of 19 children and adolescents with delayed sexual maturation (15 male and four female) with a mean^S.E.M. age of 15.5^0.2 years (range 13.1-20.5 years) were included in the study. Eight subjects were diagnosed with HH and eleven had CD. Diagnoses were based on the results of a 36-h pulsatile GnRHstimulation test as described by Smals et al. (19) . The main characteristics of the study population are shown in Table 1 . Comparisons between patients with HH and CD revealed no significant differences in gender distribution, age, bone age, BMI and serum leptin levels (Table 1) . Serum concentrations of LH, as expected, were significantly higher in the group of patients with CD (P ¼ 0.016).
All patients were admitted to hospital for further evaluation of the hypothalamic -pituitary-gonadal axis after initial evaluation in our outpatient department. Parents were informed and gave permission for the procedures. Of the 19 
Protocol
The patients underwent testing with pulsatile GnRH stimulation for 36 h and/or a single dose busereline acetate test for further evaluation of the hypothalamic -pituitary axis. These tests are standard procedures to differentiate between CD and HH (19) .
Pulsatile GnRH stimulation for 36 h
All patients were admitted to hospital the day before testing (day 0). An indwelling i.v. catheter was placed in an antecubital vein. Blood was drawn from this catheter throughout the study period. On day 1 a standard GnRH bolus test, using 25 mg GnRH/m 2 body surface area (Relefact LHRH; Aventis Pharma, Bad Soden, Germany), was performed starting at 0900 h. Blood samples for LH, follicle-stimulating hormone (FSH) and leptin determination were drawn from the indwelling catheter at 0, 10, 20, 30, 60 and 120 min after the GnRH i.v. bolus. At 1800 h on day 1 a miniaturized infusion pump (Zyklomat; Ferring, Kiel, Germany) was connected to the i.v. catheter. This pump delivers 5 mg GnRH every 90 min for a period of 36 h. On day 3 the infusion pump was disconnected at 0600 h and the standard GnRH bolus test was repeated at 0900 h. A flow sheet of the procedures performed is shown in Fig. 1 .
Buserelin acetate test
Eight children underwent a single-dose stimulation with a GnRH agonist (buserelin acetate) with a 24-h follow-up of serum concentrations of LH, FSH, testosterone, estradiol and leptin. In the five children who underwent the pulsatile GnRH stimulation and the buserelin acetate test, the second test was started at least 4 weeks after the first one. Patients were admitted to hospital on day 0 and an indwelling i.v. catheter was placed in an antecubital vein. The buserelin acetate test started on day 1 at 0800 h with an intramuscular injection of buserelin acetate (10 mg/kg body weight; Profact; Aventis Pharma). Blood samples for LH, FSH, testosterone, estradiol and leptin determination were drawn from the indwelling catheter at 0, 2, 4, 8, 12 and 24 h after the injection.
Hormone assays
Serum LH and FSH levels were measured using a specific RIA (Perkin Elmer, Turku, Finland). The LH test had an analytical sensitivity of 0.05 U/l. Intraand interassay variation coefficients at 0.3 U/l LH were 9.4 and 2.6% respectively. The analytical sensitivity of FSH was 0.05 U/l. The intra-and interassay coefficients of variation for LH at 2.56 U/l were 1.4 and 3.1% respectively.
Serum levels of testosterone were measured by RIA (DPC, Los Angeles, CA, USA). Intra-and interassay coefficients were 7 and 11% (at 2.64 nmol/l) respectively. The lower limit of detection was 0.14 nmol/l. Estradiol was measured using a specific RIA (Dia Sorin, Saluggia, Italy). The assay sensitivity was below 18.4 pmol/l. Intra-and interassay coefficients of variation were 4.2% (at 110 pmol/l) and 4.9% (at 294 pmol/l) respectively. Serum concentrations of testosterone and estradiol were measured before and after the pulsatile GnRH stimulation.
Total human leptin was measured by RIA as described (24) (human leptin kit; Linco Research, St Charles, MO, USA). Intra-and interassay coefficients were 4.6 and 5.0% (at 7.2 ng/ml) and 4.7 and 3.0% (at 15.7 ng/ml) respectively. The lower limit of detection was 0.5 ng/ml. Samples were measured in duplicate twice.
Statistical analysis
Intra-individual comparisons of hormone concentrations were performed with the Wilcoxon repeated sample test. The effect of pulsatile GnRH administration and further variables, such as initial diagnosis, BMI, estradiol, testosterone or gonadotropin concentrations, was analysed by multiple stepwise regression using the GLM procedure of SAS (V 6.12; SAS, Carey, NJ, USA). Values are given throughout as means^S.E.M.
Results
Pulsatile GnRH stimulation for 36 h
The 36-h pulsatile GnRH stimulation was preceded and followed by a standard GnRH stimulation test. In these standard GnRH tests hormonal changes in the serum were monitored during a 120-min follow-up at the time-points 0, 10, 20, 30, 60 and 120 min after the bolus (see Subjects and methods for details). As expected, serum levels of gonadotropins increased during the 120 min of these standard GnRH tests in patients with CD and in patients with HH. In patients with CD, mean LH serum levels increased from 2.86^0.62 to 7.03^1.61 U/l after 120 min, and mean serum levels of FSH increased from 3.69^0.62 to 4.64^0.42 U/l after 120 min. In patients with HH, mean LH serum levels increased from 0.34^0.13 to 1.39^0.28 U/l after 120 min, and mean serum levels of FSH increased from 1.2^0.3 to 2.5^0.4 U/l after 120 min. Peak levels of LH and FSH were observed 30 min after the GnRH bolus. Serum leptin concentrations remained unchanged over the 120-min follow-up in the standard GnRH tests (data not shown).
However, comparison between the first and the second standard GnRH test showed significantly higher leptin concentrations in the second GnRH test, but no significant changes in serum levels of LH, FSH or estradiol (Fig. 2) . Leptin serum concentrations were elevated throughout the second GnRH test at all time-points (0, 10, 20, 30, 60 and 120 min after the GnRH bolus). In the following text and in the tables only the baseline values (time-point 0) of the first and second standard GnRH test are used to allow easier comparison between hormone levels before and after the GnRH pump. Hormonal changes for all timepoints during the standard GnRH tests are displayed in Fig. 3 .
Mean serum leptin concentrations in the 16 patients who underwent pulsatile stimulation with GnRH increased significantly from 7.26^1.35 ng/ml in the first GnRH test to 9.75^1.76 ng/ml in the second test (P , 0.01, Wilcoxon repeated sample test). This increase in serum leptin concentrations was observed in every patient and was significant in both groups, children with HH (P ¼ 0.014) and children with CD (P ¼ 0.025, Wilcoxon repeated sample test). There was no difference in the leptin response between male and female patients. Mean serum concentrations of LH increased from 1.91^0.46 to 3.07^0.94 U/l (not significant) after the pump and mean FSH concentrations increased from 2.7^05 to 3.7^0.4 U/l (not significant). Changes in baseline serum concentrations of leptin, LH, FSH, estradiol and testosterone are displayed in Fig. 2 .
Serum levels of testosterone increased in most patients after the GnRH priming. Mean serum concentrations increased from 3.15^1 to 5.06^2.15 nmol/l (not significant). Mean serum concentrations of estradiol remained unchanged with 16.5^4.4 pmol/l before and 13.2^2.2 pmol/l after pulsatile GnRH. Multivariate analysis showed no effect of LH, FSH, testosterone or estradiol serum levels on leptin concentrations in the second standard GnRH test. Furthermore, no effect of gender, age, BMI or TANNER stage on the leptin response to pulsatile GnRH administration was observed. As expected, serum leptin concentrations were positively correlated with BMI (r ¼ 0.51, P ¼ 0.019) in the study population.
Buserelin acetate test
Mean leptin concentrations remained unchanged in the nine patients receiving a single dose of buserelin acetate (8.8^1.7 vs 9.2^1.9 ng/ml), although a slight increase in leptin concentrations was observed in some individuals, as displayed in Fig. 4 Children with CD showed a significant increase in LH levels (2.0^0.3 vs 4.5^0.57 U/l, P , 0.01) and FSH levels (3.2^0.36 vs 6.5^0.9 U/l, P ¼ 0.02) during the 24-h follow-up period. Data of patients who underwent the buserelin acetate test and 36-h stimulation with GnRH are displayed in Table 2 .
Discussion
Leptin is known to play an important role in pubertal development, but whether it provides a trigger for pubertal development or acts as a permissive signal remains controversial. We show here that pulsatile GnRH stimulation results in an increase in circulating leptin concentrations in children with delayed pubertal development. This suggests that the changes in leptin levels are preceded by changes in GnRH pulsatility at the onset of puberty.
It is well known that concentrations of circulating leptin change during pubertal development (11 -13) . While leptin levels are similar in prepubertal boys and girls, a sexual dimorphism develops during puberty. After an initial increase, leptin levels decrease in male pubertal development, as leptin secretion is inhibited by testosterone; while in female puberty leptin levels steadily increase and are positively correlated to BMI (12, 13, 17, 20) . Although there is evidence that serum leptin may peak before the onset of puberty and could therefore be a signal initiating pubertal development (14) this finding has not been confirmed by others (13) , and animal studies show that leptin levels remain unchanged during pubertal development in primates and rats (21) (22) (23) . In humans, the main problem in addressing the question as to whether an initial leptin peak exists is to define the beginning of pubertal development. Biochemically, the onset of puberty is marked by increasing amplitudes of GnRH secretion of the hypothalamus during sleep (10, 18) . These changes in hormonal status are not necessarily matched by physical changes in, for example, TANNER stages and therefore it is difficult to define the onset of puberty in a clinical study. In our study, we artificially recreated the onset of puberty by a 36-h stimulation of the pituitary with pulsatile GnRH, preceded and followed by a standard GnRH test. We observed higher leptin concentrations after the 36 h of pulsatile GnRH stimulation, indicating that leptin concentrations must have changed in response to the pulsatile GnRH stimulation. This positive leptin response to pulsatile GnRH was not matched by changes in other hormones, such as LH, FSH or estradiol. Although serum levels of testosterone increased in most patients after priming with GnRH, a stimulatory effect on leptin secretion is unlikely as testosterone is a potent inhibitor of leptin secretion in vivo and in vitro (17, 24) . Multivariate statistical analysis revealed no influence of changes in serum testosterone on leptin serum levels in our patients.
Our data fit well into the hypothesis of leptin acting as a permissive factor for the onset of puberty. However, besides being a permissive factor, leptin could be part of a positive feedback loop, on the one hand stimulated by pulsatile GnRH and on the other hand allowing the GnRH amplitude to further increase, for example, by acting directly on the GnRH-secreting neurons. In rodents, a direct effect of leptin on GnRH-secreting neurons has been shown and it has been demonstrated that the GnRH-secreting neurons of rats express leptin receptors (25, 26) . Up to now, however, these findings have been limited to animal models.
Our data were obtained from a group of children with delayed pubertal development due to CD or HH. In delayed pubertal development a differentiation between CD and HH needs to be defined as different therapeutic regimes are indicated. A well-established test to differentiate between these two conditions is the 36-h GnRH stimulation test. In this test, two standard GnRH bolus tests are separated by a 36-h pulsatile injection of GnRH via an infusion pump. The LH increments in response to the standard GnRH bolus test after priming with pulsatile GnRH are lower in patients with HH than in patients with CD. The standard GnRH bolus tests alone failed to differentiate clearly between patients with CD and HH (27, 28) . Smals et al. (19) reported on a group of 33 patients (17 children with CD and 16 with HH) who underwent pulsatile GnRH testing. They observed slight increases in LH and FSH and a twofold increase in testosterone levels after priming with GnRH. This increase was pronounced in the group of patients with HH. Hormonal changes in our patients were consistent with these findings.
A few studies have investigated leptin levels in disturbed pubertal development. In these studies, leptin concentrations in children with precocious puberty were found to be normal for the pubertal stage, but decreased leptin concentrations were demonstrated in boys with CD (29 -31) . In our study population, leptin serum concentrations were positively correlated with BMI (r ¼ 0.51, P ¼ 0019) and did not differ between the group of children with HH and those with CD.
We did not observe gender-specific differences in leptin responses to pulsatile GnRH stimulation; this could be explained by the fact that the patients were mainly TANNER stage 2, and a sexual dimorphism might not have been established at that point. However, gender-specific differences might also have been missed because of the relatively small number of girls in the group undergoing pulsatile GnRH stimulation.
Our data are in contradiction to a study investigating the effects of pulsatile GnRH administration in six male individuals with delayed sexual maturation. In this study by Giusti et al. (32) , pulsatile GnRH was administered subcutaneously for 120 days in order to restore fertility. The authors did not observe changes in leptin concentrations or BMI but an increase in gonadotropins, testosterone and testicular volume. However, as leptin concentrations were measured only every 30 days in the study, it is conceivable that an initial increase in circulating leptin was missed. The subsequent increase in testosterone levels in the patients inhibited leptin secretion, as testosterone inhibits leptin secretion in vitro and in vivo (17, 24) . To our surprise, leptin concentrations remained unchanged during the single dose buserelin acetate test. Although some patients showed a slight increase in leptin levels during the 24-h follow-up, this was neither a statistically significant nor a consistent finding within the patient group. We concluded that nonpulsatile GnRH administration does not affect leptin secretion. However, as the observation period in the group of patients undergoing the 36-h stimulation test was longer, we might have missed effects occurring after the 24 h following the buserelin administration.
Other studies investigating the role of non-pulsatile GnRH administration in humans have been performed in females undergoing hormone therapy for the induction of ovulation. In these studies, a parallel increase of estrogen and leptin after luteal phase stimulation with GnRH was observed, interpreted as a stimulatory effect of estrogen on leptin secretion (32 -34) . In our study, GnRH was administered short term (bolus or 36 h of pulsatile stimulation) and did not result in an increase in estrogen levels in the four female patients. The increase in leptin concentrations after the pulsatile GnRH stimulation was therefore not stimulated by estrogen in our study.
In conclusion, our data have demonstrated a stimulatory effect of pulsatile GnRH on circulating leptin in adolescents with delayed puberty. These findings support the view of leptin acting as a permissive factor for pubertal development and provide evidence that leptin is regulated by GnRH. Additional studies are needed to investigate leptin metabolism and the regulation of GnRH and leptin secretion during puberty.
